Devonian magmatism in the Eastern Sierras Pampeanas (Córdoba, Argentina) is represented by elliptical, porphyritic, batholithic, late-to post-orogenic monzogranites emplaced in a metamorphic-plutonic basement. Two groups of Devonian granitoids are distinguished: (1) metaaluminous to weakly peraluminous, hornblende-biotite bearing granitoids, and (2) peraluminous, biotite-(muscovite) bearing granitoids. Groups 1 and 2 are characterized by accessory phases of sphene-magnetite with high susceptibility, and ilmenite-(monazite-uraninite) with low susceptibility, respectively. The magnetic assemblage of the Group 2 Achala Batholith, predominantly paramagnetic, is the subject of this paper.
I N T RO D U C T I O N
Magnetic properties of rocks reflect the partitioning of iron between strongly magnetic oxides (and/or sulphides) and weakly magnetic phases such as silicates. This partitioning is controlled by chemical composition, oxidation ratio of the iron and petrogenetic conditions. This is the basis of magnetic petrology, a discipline that integrates rock magnetism and conventional petrology to characterize the composition, abundance, microstructure and paragenesis of magnetic minerals, to define the processes that create, alter and destroy magnetic minerals in rocks (Clark 1997 (Clark , 1999 .
Rock-magnetic procedures detect trace amounts of magnetic material in rocks. The magnetic susceptibility (MS) of a rock depends of whether its magnetic properties are dominated by paramagnetic or ferromagnetic minerals and their abundances. A rock is considered paramagnetic overall, when it has a MS low enough to rule out the presence of ferromagnetic minerals (MS < 3-15 × 10 −4 SI). The influence of magnetite in MS comes to dominate the magnetic properties of the rock (which becomes ferromagnetic), when it is present in abundances as low as 0.02 volume percent. A rock is described as ferromagnetic when MS is higher than 1-5 × 10 −3 SI (for variations in the limits see Rochette 1987; Tarling & Hrouda 1993; Clark 1999 ).
Iron-titanium oxide mineralogy was the basis for the descriptive classification of calc-alkaline granitoids, proposed by Ishihara (1981) , into a magnetite-series and an ilmenite-series. This classification can be directly related to magnetic properties, because magnetite-series granitoids are ferromagnetic, usually containing 2 volume per cent oxides, whereas ilmenite-series are generally paramagnetic and very low in opaque oxide content. The two series are considered to have resulted from the prevalence of different oxygen fugacites during genesis, where the magnetite-series are significantly more oxidized than ilmenite-series granitoids. S-type (i.e. derived from melting of meta-sedimentary rocks) granites, as defined for the Lachlan Fold Belt in Australia (Chappell & White 1974) , are a classic example of reduced ilmenite-series granitoids, whereas I-type (i.e. derived from melting of an igneous source material) can belong either to ilmenite-or magnetite-series, but are usually oxidized more than S-type granitoids (e.g. Ishihara 1981 ; Whalen & Chappell 1988) .
Paleomagnetic and rock-magnetic studies are presented here on the Achala Batholith, a post-kinematic Devonian granitic complex, intruded into Proterozoic basement, forming the Eastern Sierras Pampeanas of Argentina. Although low MS values point to classify the components of the Achala Batholith as paramagnetic, we have found that its opaque mineralogy is not typical for the classic reduced calc-alkaline granitoids. It is characterized by the presence of up to 1 volume percent opaque minerals, dominated by the ilmenite-haematite solid solution instead of pure ilmenite or magnetite. In this paper, based on paleomagnetic and rock-magnetic study, we discuss the implications of the presence of coexisting titanohaematite and Mn-bearing ilmenite in the Achala Batholith because they point to the prevalence of oxidizing conditions during magmatic crystallization and cooling.
G E O L O G I C A L B A C KG RO U N D , O X I D I Z E D V E R S U S R E D U C E D G R A N I T E S Eastern Sierras Pampeanas geological setting
The Eastern Sierras Pampeanas are north-trending, west-verging, fault-bounded basement uplifts in Central Argentina, consisting mainly of Precambrian age amphibolite-to granulite-facies metamorphic and plutonic rocks. The basement is intruded by a number of granitoid types, representing igneous activity in the Early Paleozoic cratonic margin of Gondwana.
The Eastern Sierras Pampeanas granitoids have been classified, according to their temporal relationship with the main Ordovician deformation episode, into pre-, syn and late to post-orogenic (Sato et al. 2003) . The late-to post-orogenic (LPO) magmatism is the most abundant, being represented by many subcircular, discordant, high-K plutons (Fig. 1a) . Geochemically, these plutons plot as collisional or intraplate granites, and show high large ion lithophile and high field strength elements (Y-Nb) (Rapela et al. 1990) .
The LPO granites reach batholithic dimensions, in complexes emplaced and cooled quickly, in high-level crust (depths less than 7.5 km, de Patiño & Patiño Douce 1987; Pinotti et al. 2002) . Porphyritic facies with microcline megacrysts are dominant. They are locally surrounded by contact metamorphic aureoles. Compositionally, they include calc-alkaline to alkaline granites and are metaluminous to peraluminous. Monzogranites-granites are more abundant, with granodiorites, leucogranites and tonalites subordinate. Mafic enclaves, late aplite-pegmatite and lamprophyre dykes are also common. U-Pb crystallization ages range from 393 ± 5 (Stuart-Smith et al. 1999 ) to 368 ± 2 Myr (Dorais et al. 1997) . The LPO granites have been attributed to late stages of the Ordovician Famatinian Orogeny (Rapela et al. 1990; Sato et al. 2003) or to a separate Devonian magmatic cycle, the 'Achalian' (Sims et al. 1998; StuartSmith et al. 1999) . These represent the product of intracontinental crust, partially molten due to a change in the thermal regime during regional uplift (Otamendi et al. 2002) , possibly as a result of the accretion of the Precordillera terrane or Chilenia (Stuart-Smith et al. 1999) to the Gondwana margin.
Two groups can be distinguished in LPO granites. The first is composed of metaaluminous to weakly peraluminous, hornblendebiotite-bearing granitoids. The second is formed by peraluminous, biotite-(muscovite)-bearing granitoids. The two groups are characterized, respectively, by sphene-magnetite and ilmenite-(monaciteuraninite) as accessory phases, resulting in distinctive magnetic properties (Geuna et al. 2008a) . The Renca and La Totora Batholiths (Fig. 1a) , described by López de Luchi et al. (2002 Luchi et al. ( , 2004 , are examples of ferromagnetic hornblende-bearing granitoids. Magnetic properties from the second group, Achala Batholith, are dominantly paramagnetic (i.e. very low susceptibility) and are presented in this paper. Blevin (1994) has shown that ferric/ferrous iron ratios in granitoid rocks are highly correlated with oxygen fugacity as calculated from the chemical composition. The redox states of granitic magmas are essentially intrinsic in nature and may reflect the redox states of magma source regions.
The oxidation state of granites
The oxidation state can also be established by using petrographic and mineralogical criteria, whole rock Fe 2 O 3 /FeO ratios, and geophysical methods. Blevin (2003) , using correlation of these parameters, developed a classification scheme based on whole rock Fe 2 O 3 /FeO and FeO, * (total Fe). Rocks belonging to each of these divisions can be characterized by distinctive petrographic and mineralogical features. Strongly oxidized rocks are typically represented by igneous suites associated with economic porphyry CuAu systems and have abundant magnetite, sphene and high-Mg biotite. There is a general trend to lower relative oxidation state in granites from arc settings, through continental margin settings, to those of continental interiors. S-types are usually reduced (Blevin & Chappell 1995) . Many S-type granites come from partial melting of graphitic schists (black shale), but haematite shales are also a possible source.
A correlation exists between MS, SiO 2 and Fe 2 O 3 /FeO, with MS values used to distinguish between ilmenite-and magnetite-series granites, which in turn, can be interpreted as representing reduced or oxidized magmas, respectively.
However, exceptions exist. Very oxidized rocks usually contain haematite, rather than magnetite, and are weakly magnetic, like reduced ilmenite-series rocks (Clark 1999) . Very felsic granitoids (SiO 2 > 72 wt per cent) have iron contents too low to crystallize significant magnetite, irrespective of oxidation state. More importantly, granites with evidence of alteration of magnetite show little correlation between susceptibility, SiO 2 and Fe 2 O 3 /FeO, indicating that the processes of magnetite alteration are not systematically related to granitoid composition (Clark 1999) .
Oxidation state of classic I-and S-type granitoids of the Lachlan Fold Belt are plotted on Fig. 2(a) . The figure shows the difference in oxidation ratio for both series, but also the wide compositional Pinotti et al. (2002) and Sato et al. (2003) . (b) Location of the sampling sites on Achala Batholith (geology modified from Demange et al. 1996). variation of I-type granitoids, as opposed to the restricted composition of S-type series (Chappell & White 1974) . Fig. 2(b) shows that, although oxidation ratios for Japanese magnetite-series granitoids approximately coincide with that for I-type field in Fig. 2(a) , ilmenite-series samples do not strictly correspond to the S-type field. Instead, ilmenite-series show wide compositional variation, implying that, as shown by Whalen and Chappell (1988) , this series correlates to S-type plus reduced I-type granitoids.
The oxidation state of LPO granites from Eastern Sierras Pampeanas is plotted in Fig. 2(c) . Very felsic granites usually have exaggerated ratios or are susceptible to alteration effects, particularly when FeO * < 1 wt percent (Blevin 2003) . The Fe 2 O 3 /FeO ratios for rocks with FeO * < 2 wt percent, has been considered not representative of the actual oxidation state by Blevin (2005) ; in these cases, reference to related samples with higher FeO * contents has been suggested. It seems clear that the low FeO * content is related with high dispersion in Fe 3+ /Fe 2+ , for both paramagnetic Achala Suite and ferromagnetic Renca equigranular monzogranites. However, when we compare the values for rocks with higher FeO * contents, like the El Cóndor Suite against Renca porphyroid monzogranites, they both follow a discrete trend outside the reduced field typical of ilmenite-series granites. Remarkably, the El Cóndor Suite of Achala plots in a more oxidized region in Fig. 2(c) than the magnetite-bearing Renca porphyroid granite field.
Opaque petrography of oxidized and reduced granites
Though oxide compositions have the ability to re-equilibrate externally during cooling, and oxide compositions alone do not perfectly predict oxidation conditions in slowly cooled rocks (e.g. Czamanske et al. 1981; , some features could constitute reasonable indicators.
Both magnetite and ilmenite are generally present in magnetiteseries granites, but magnetite constitutes more than 90 per cent of the opaque oxides. On the other hand, ilmenite-series granites are very low in opaque oxide content, usually as plates of ilmenite, mainly in ferromagnesian silicates (Ishihara 1981) . Czamanske et al. (1981) found that ilmenite-series granites have ilmenite with low contents of Fe 2 O 3 (Hem 3 is representative), whereas magnetite-series have ilmenites with representative composition Hem 15 .
In an attempt to correlate I-and S-type granites with magnetiteand ilmenite-series, Whalen & Chappell (1988) characterized the opaque mineral assemblages in Lachlan Fold Belt granites. Blevin (2003) . The vertical boundary at 2 wt percent FeO * has been introduced by Blevin (2005) They found that magnetite + ilmenite + minor sulfide (pyrite > chalcopyrite > pyrrhotite) generally characterize I-type granites, whereas ilmenite + sulfide (pyrrhotite > pyrite > chalcopyrite) are usually present in S-type granites. They concluded on the basis of rock chemistry, opaque mineral assemblages and mafic mineral chemistry that most Lachlan S-type granites formed at lower fO 2 conditions than most Lachlan I-type granites. For example, they only found haematite exsolution lamellae in ilmenite parallel to {0001} in some I-type granites. In S-type granites, ilmenite was generally fresh, but if altered, it was to rutile with no haematite. Ilmenite in the S-type suites contain little or no Fe 2 O 3 and has relatively low MnTiO 3 and high FeTiO 3 contents, whereas in the I-type suites, average MnTiO 3 and Fe 2 O 3 contents are higher.
T H E E A S T E R N S I E R R A S PA M P E A N A S L AT E -T O P O S T -O RO G E N I C G R A N I T O I D S Ferromagnetic granitoids: the Renca batholith
The Renca Batholith is an elliptical zoned pluton comprising two main facies: an external grey to slightly pinkish porphyritic biotitehornblende granodiorite/monzogranite (Unit 1) and a central pink to grey equigranular biotite-muscovite monzo/leucomonzogranite (Unit 2; López de Luchi et al. 2002) . U/Pb zircon yielded a crystallization age of 393 ± 5 Myr (Stuart-Smith et al. 1999 ) whereas K/Ar mineral ages on biotite indicated 382 ± 17 Myr.
Decompressional melting of an enriched mantle, together with melting of an already depleted lower crust that has received a thermal input from the metasomatized mantle, during orogenic collapse, has been proposed for the batholith (López de Luchi 1996) .
Bulk MS measurements show a bimodal distribution with Unit 1 ferromagnetic, with a mean MS of 7 × 10 −3 SI, and Unit 2, paramagnetic, with a mean MS of 1 × 10 −4 SI. A similar distribution is observed for the intensity of natural remanent magnetization (NRM).
Preliminary paleomagnetic results indicated the presence of a stable, dual polarity, very steep magnetization in many sites, but these are poorly defined. Microscopic observations of polished sections revealed that Unit 1 is characterized by the presence of multidomain magnetite as scarce large crystals (>100 μm) with incipient martitization along {111} planes, commonly associated with sphene and biotite. Grains of primary titanohaematite with exsolved ilmenite are also observed. Unit 2 shows the same association, but unaltered magnetite is rare, and martitization is nearly complete (López de Luchi et al. 2002) . The main ferromagnetic mineral in the Renca porphyroid monzogranite is magnetite, appearing as a stable phase throughout the pluton's crystallization history. Bulk susceptibility values are locally lower due to magnetite alteration, which is maximum in Unit 2 (López de Luchi et al. 2002) .
Magnetite is the dominant magnetic carrier in Las Chacras (Siegesmund et al. 2003) , La Totora (López de Luchi et al. 2004) and El Talita (Pinotti et al. 2006) Devonian granitoids (see locations in Fig. 1a ).
Paramagnetic granitoids: Achala Batholith
The Achala Batholith is one of the largest examples of LPO granites; it has an elliptical shape trending N-NE, with a maximum extension of 100 × 50 km (Fig. 1b) . Its contacts are regionally sharp and discordant. Based on gravity anomalies measured along a regional transect the vertical extension is estimated to be about 6 km (Introcaso et al. 1987) . Demange et al. (1996) distinguished five independent magmatic suites, the Achala suite being the most extensive (Fig. 1b) , and suggested that all five suites are nearly coeval but derived from different parental magmatic sources. Overall the batholith is a peraluminous, alkali-calcic granitoid developed at great distance from the subduction margin in the last stage of magmatic arc evolution (Rapela et al. 1990) .
The most abundant rock type in the batholith is a high-K, coarsegrained to porphyritic monzogranite, with variable amounts of K-feldspar megacrysts. Lira & Kirschbaum (1990) described the Achala granitoids as formed of quartz, microcline, plagioclase, biotite and muscovite. Accessory phases are fluorapatite, zircon, iron oxides, chlorite, rutile and kaolinite. Ratios of biotite to muscovite are variable, with total mica about 10 per cent. The biotite is pleochroic from dark brown to yellowish brown or light yellow and contains variable amounts of Ti and U. Both primary and secondary muscovite is present. Uraniferous minerals include uraninite, pitchblende, gummite, autunite-metautunite, torbernite-metatorbernite and uranophane (Lira & Kirschbaum 1990) .
Deuteric alteration effects include the partial replacement of feldspar and biotite by muscovite accompanied by phengite and iron-titanium oxide (Lira & Kirschbaum 1990) . Selvage-style greisenization is widespread, developed around fracture zones due to meteoric water, below 250-350
• C (Lira et al. 1996) . The crystallization age of the main facies was determined by Dorais et al. (1997) at 368 ± 2 Myr, based on analyses of zircons from both the granites and its enclaves. Rb/Sr ages varied from 399 ± 25 (Rapela et al. 1982 ) to 333 ± 33 Myr (Rapela et al. 1991) . Rb/Sr ages may indicate resetting due to hydrothermal alteration; in this context, the leaching of the alkalis may be responsible for the peraluminous character of the batholith. The alteration is latemagmatic to deuteric (Demange et al. 1996) with the last thermal input in the range 300-400
• C at 336 ± 3 Myr (K-Ar muscovite), implying that the batholith cooled from emplacement temperatures quickly (Jordan et al. 1989) . Rapid cooling, completed in about 30 Myr, is reported for other LPO granites in the area (Siegesmund et al. 2003) .
After emplacement, the batholith was affected by large dextral wrench faults before the Late Carboniferous and inverse faults related to the Cenozoic Andean cycle (Demange et al. 1996) , resulting in exposures that are dominantly north-trending, eastward-tilted blocks.
Sampling and laboratory procedures
Samples were collected from the main porphyritic facies of the Achala suite mainly from fresh exposures at road cuts and quarries because weathering is difficult to avoid elsewhere. One hundred and thirty oriented cylinders (2.5 cm diameter) were collected using a portable, gasoline-powered rock drill at 43 sampling sites, distributed along routes 20 and 28 (Fig. 1b ). Samples were oriented using both magnetic and sun compasses.
The samples were cut into specimens of 2.2 cm length. Remanent magnetization was measured using a three-axis 2G DC squid cryogenic magnetometer. Alternating field demagnetization (AF) was carried out to a maximum of 110 mT, using a static 2G600 demagnetizer attached to the magnetometer.
Step-wise thermal demagnetization up to 680
• C was performed using either a two-chamber ASC or Schonstedt TSD-1 oven.
At least two specimens from each site were subjected to stepwise demagnetization to examine the coercivity and blocking temperature spectra of the NRM. As a general procedure, AF demagnetization was preceded by the application of heating to 150
• C, to eliminate the effects of modern goethite, whereas thermal demagnetization was preceded by the application of low alternating fields (up to 10-20 mT) to minimize the soft components carried by multidomain magnetite. Bulk MS was measured after each thermal step to monitor possible magnetic mineral changes, by using a MS2W Bartington susceptometer.
Isothermal remanent magnetization (IRM) up to 4 T was applied to selected samples to identify the minerals carrying the magnetization. Hysteresis parameters were determined at room temperature in a maximum field of 1 T, by using a Molspin vibrating sample magnetometer at the Instituto Astronomico e Geofisico, Universidade de Sao Paulo (Brazil). Measurement of low-field thermomagnetic curves were made with a prototype bridge at CSIRO facilities in North Ryde, Australia.
Magnetic behaviour of each specimen was analysed by visual inspection of vector endpoint plots, stereographic projections and intensity demagnetization curves.
Compositional data and images of opaque oxides were collected on a Cameca SX-50 electron microprobe (EMP) at the University of Massachusetts (USA), set at an accelerating potential of 15 keV, a sample current of 15 nA and a beam diameter of 1μm. Counting times of 20 or 40 s per element were used. Corrections for differential matrix effects were made using the Cameca online PAP correction routine. Analytical precision is estimated at ±0.1 weight per cent for oxide components present at the 1 weight per cent level. Analytical precision on typical values of 0.5 weight per cent V 2 O 3 and Cr 2 O 3 is estimated to be ±0.06 weight per cent at the 95 per cent confidence level. In addition, there is believed to be a systematic overestimate of V 2 O 3 in ilmenite of about +0.1 weight per cent, caused by Ti Kβ -V Kα interference.
Three samples, 2-3b, 22-2b, and 38-1 were examined in polished sections in reflected light and in electron backscatter images, followed by electron probe analyses at University of Massachusetts.
R E S U LT S Magnetic properties of Achala Batholith
Magnetic susceptibility of the Achala main facies is low, ranging from paramagnetic material 5 × 10 −5 SI, to a weakly ferromagnetic material, 1.5 × 10 −3 SI. All samples indicate a magnetite content well below 0.1 per cent volume. The NRM is weak, usually between 0.1 and 5 mA m -1 , although it can be higher in some sites, up to 100 mA m -1 (Fig. 3) .
In 22 of the 43 sites the magnetic remanence was unstable. These sites usually had very low NRM intensities (0.1-2 mA m -1 ). Remanence of these samples became erratic after demagnetization to 25 mT or 300
• C. This unstable behaviour corresponds to sites with a high degree of weathering.
For the remaining 21 sites, AF demagnetization was effective only to remove a fraction of the remanence, which varied from 0 per cent (Fig. 4) to 80 per cent (Fig. 5) , but was usually less than 25 per cent (Table 1) . This fraction was demagnetized with fields as low as 15 mT.
The NRM remaining after 15 mT was unaffected by AF demagnetization, revealing coercive forces greater than 100 mT in stable samples (Figs 4 and 5) . Thermal demagnetization resulted in Blevin (1994) . Note that S-type granitoids have lower MS than I-type granitoids. The approximate field for Achala samples is shown as a hatched ellipse.
blocky curves with discrete unblocking temperatures of 610-640
• C (Fig. 4a) , with some samples showing a second higher unblocking of 670-680
• C (Figs 4b and 5a); despite this variation in unblocking temperatures, only one high-temperature magnetic component was isolated from each sample. When plotted for the stable 21 sites, this component showed steeply dipping, dual-polarity directions, which passed a reversal test (positive, class 'C', McFadden & McElhinny 1990; Fig. 6) .
IRM acquisition and hysteresis curves of representative samples were dominated by the response of the low-coercivity phase that saturated by 400 mT (Fig. 7) . The bulk hysteresis properties (saturation coercivity H c ∼10 mT, ratios of coercivity of remanence to saturation coercivity H cr /H c ∼ 2 and ratios of saturation remanence to saturation magnetization M rs /M s ∼ 0.15) and a very slight 'wasp-waistedness' (Fig. 7b) can be interpreted as a mixture of a very small amount of a low-coercive coarse MD magnetite and high coercivity titanohaematite or ilmeno-haematite.
Similarly, two components are distinguished in the IRM acquisition curves (Fig. 7c) : a lower coercivity phase (magnetite) that saturates by 100 mT and a harder component that starts to saturate above 100 mT and continues to acquire a small magnetization up to 4 T.
Low susceptibility values, high coercivity shown by AF demagnetization and high unblocking/Curie-Néel temperatures point to titanohaematite and minor haematite as the likely minerals carrying the remanent magnetization of Achala suite. Hysteresis and IRM properties indicate that rhombohedral oxides are accompanied by a low-coercivity phase (magnetite) in a very low proportion. The presence of even a small amount of magnetite in a high-field experiment masks the contributions from spin-canted haematite.
Thermal and AF demagnetization suggests that MD-magnetite is only a minor contributor to the NRM, carrying the soft fraction of remanence removed by 10-15 mT. The low magnetic saturation values mean that MD-magnetite is a very scarce mineral, though its rare presence dominates the high-field experiments because of its high saturation magnetization.
The temperature dependence of susceptibility (k-T) determined on whole rock samples is more sensitive to haematite as susceptibility is measured in low fields that do not produce magnetic saturation, and the resulting curve is not masked by magnetite. The k-T curves show the presence of a mineral with Curie-Néel temperature of 620
• C, and a decay around −30 • C. This low temperature transition can be attributed to the Morin transition of pure haematite (Fig. 8) . Haematite as magnetic carrier is in agreement with the very high bulk coercivity behaviour demonstrated by AF demagnetization.
In pure haematite, the change from paramagnetic to the antiferromagnetically order structure occurs at a Néel temperature of 680
• C, but this temperature falls to about 480
• C for a composition of Ilm 25 (Fig. 9 ). The measured Néel or Curie temperatures of 640-610
• C indicates the presence of FeTiO 3 in the haematite of Achala suite, of 6-10 per cent. The second unblocking temperature of 670-680
• C, observed in some samples, indicates the presence of some pure haematite, also indicated by the Morin transition observed in k-T measurements.
The magnetic components carried by haematite and titanohaematite are used to calculate a paleomagnetic pole for the batholith. This pole fits the 380-360 Myr segment of the apparent polar wander path for the Paleozoic of Gondwana (Geuna et al. 2008b) . Because it coincides with the crystallization age of 368 Myr obtained on zircons by Dorais et al. (1997) , this pole position favours the interpretation that the titanohaematite formed during the primary crystallization and cooling and not as a product of a much later hydrothermal alteration.
Mineral chemistry-petrography and chemistry of opaque oxides
Microscopic observation of polished sections permitted the identification of exsolved titanohaematite and haemo-ilmenite grains, in an abundance ranging from 0.5 to 1 volume per cent (Fig. 10) . As expected, the rare magnetite indicated by the rock-magnetic procedures was not observed at the microscope scale.
Figs 10 and 11 illustrate the characteristic features seen in all three samples examined in polished sections in reflected light and in electron-backscatter images. They consist of two coexisting primary rhombohedral oxides-titanohaematite and ferri-ilmenite. During cooling, following magmatic crystallization, each of these oxides exsolved lamellae of the other to produce haemo-ilmenite (ilmenite with haematite exsolution) and ilmeno-haematite (haematite with ilmenite exsolution) in a fashion typical of many slowly cooled igneous and metamorphic rocks. Later, but still probably at relatively high temperature, there was an oxidation, likely related to varied local influx of cognate hydrothermal fluids. This process produced complex local intergrowths of rutile + haematite + residual ilmenite replacing haemo-ilmenite (Figs 10e and f) . At the same time, the oxidation reactions had a less obvious effect on ilmeno-haematite, usually showing minor invasion by needles of secondary rutile at the scale of the electron microprobe. This discrepancy is not surprising because a reaction with a fluid slightly more oxidizing than the ferri-ilmenite + titano-haematite assemblage would naturally be farther from equilibrium with the ferri-ilmenite than with the titanohaematite, hence more susceptible to reaction. However, combined evidence from the EMP analyses and magnetic experiments makes us suspect that the haematite may contain secondary rutile at the submicroscopic level. In numerous grains the host and lamellae were coarse enough for effective EMP analyses (Tables 2 and 3 ). Host and lamellar compositions are extremely similar to those in intergrowths of ilmenite and haematite studied previously (McEnroe & Brown 2000; McEnroe et al. 2001a McEnroe et al. ,b, 2002 McEnroe et al. , 2004 McEnroe et al. , 2007 Kasama et al. 2004) , with the exception that in these granite oxides, the dominant minor component in the ilmenite is pyrophanite (MnTiO 3 ). Representative weight percent analyses of the oxides are given in Table 2 , for ilmenite host grains (haemo-ilmenite), and in McEnroe et al. 2001b; Robinson et al. 2001 , for discussion of plotting parameters in these diagrams). Like MgTiO 3 in rocks of more mafic composition, there is a very strong fractionation of MnO into the ilmenite and out of the substantial FeTiO 3 component of the haematite. However, the ilmenite contains a higher V 2 O 3 component than does the coexisting haematite, in some ilmenites exceeding the amount of Fe 2 O 3 . This is an uncommon feature because there is normally a strong fractionation of V 2 O 3 into haematite. Probe analyses of the secondary rutile-haematite-ilmenite intergrowths (Figs 10e and f) yield few 'acceptable' analyses, and most of these were for rutile. Likely the spatial relationships of the secondary phases are more complex than in the original higher-temperature exsolved intergrowths, so that most of the rhombohedral oxide analyses give poor totals, probably related to overlaps of very fine grains of rhombohedral oxides and rutile.
D I S C U S S I O N
Based on magnetic measurements, we concluded that ilmenohaematite, haemo-ilmenite and haematite are the main magnetic minerals of the Achala Batholith, with ilmenite content in haematite restricted to 6-10 per cent. The ubiquitous presence of ilmenohaematite and the virtual absence of magnetite are supported by thermal and alternating field demagnetization studies, saturation magnetization measurements, hysteresis properties and temperaturehysteresis studies. Once the mechanism (and timing) of haematite formation is established, the petrological significance of this mineral will be able to be discussed.
Mechanism and timing of titanohaematite formation
Half of the sites sampled in Achala suite's main facies showed a stable, double-polarity magnetic remanence carried by titanohaematite and haematite. These phases have been observed under the optical microscope as part of three assemblages: (1) the most abundant as a product of exsolution from members of the haematite-ilmenite solid solution series (Fig. 9) ; (2) as a part of secondary intergrowths of rutile-haematite-ilmenite produced by local oxidation of ilmenite host grains and (3) as part of the association haematite-rutile, a local low-temperature oxidation product of titanohaematite host grains.
Thermodynamic-experimental models predict the presence of a miscibility gap below 700-800
• C (Fig. 9) , separating a paramagnetic haematite-rich phase (PM R3c) from a paramagnetic ilmenite-rich phase (PM R3). At lower temperatures, the haematiterich limb of the miscibility gap approaches the magnetic ordering transition, causing the PM R3c phase to become canted antiferromagnetic (CAF R3c). Under equilibrium conditions, magnetic ordering in the haematite-rich phase leads to the eutectoid solid state reaction PM R3c → CAF R3c + PM R3, and a pronounced widening of the miscibility gap. Estimates of the temperature of the eutectoid reaction vary between ∼390 • C (Ghiorso 1997; Harrison & Becker 2001; Robinson et al. 2004) and 520
• C (Burton 1985; Harrison 2006; McEnroe et al. 2007) , whereas estimates of its position vary between 20 and 31 mole percent ilmenite (hem 80-69). The equilibrium state at lower temperatures consists of an intergrowth of CAF R3c and PM R3 phases, with compositions that diverge toward pure haematite and pure ilmenite, respectively. The size distribution and spatial arrangement of these phases is a complex function of the cooling history.
The fact that the rocks found in the Achala Batholith contain two coexisting rhombohedral oxides implies crystallization below 700-800
• C, followed by slow cooling with continued exsolution. Unblocking temperatures of 610-640
• C indicate the presence of ∼6-10 per cent ilmenite component in the Fe 2 O 3 structure of the haematite, carrying the NRM. The experimentally determined Néel temperature of about 610-640
• C is related to the present compositions of the exsolved titanohaematite and haemo-ilmenite. The original titanohaematite prior to exsolution was much more Ti-rich and would have had a Néel temperature significantly lower than 610
• C. Many of the haemo-ilmenite grains show extensive alteration, likely due to a fluid associated with cooling of the pluton. It is clear that exsolution of haematite and ilmenite occurred at relatively high Table 2 . Representative EMP analyses of ilmenite from samples 2-3b, 22-2b and 38-1b with structural formulae, calculated end members and plotting ratios. temperatures of 675-520
• C and continued to at least 400 • C. It is also likely that an oxidizing fluid was associated with the later stages because the host haematite grains show less alteration than the host ilmenite grains. A result of these oxidizing conditions is late alteration of haemo-ilmenite to ilmenite + rutile + haematite and of titanohaematite producing rutile. These reactions would result Table 3 . Representative EMP analyses of haematite from samples 2-3b, 22-2b and 38-1b with structural formulae, calculated end members and plotting ratios. et al. 2001a , 2007 Kasama et al. 2004) showing much lower ilmenite component for the haematite measured between fine lamellae. The oxidation of the titanohaematite grains (ilmeno-haematite), shown by the production of rutile needles, probably had an additional effect at the submicroscopic level. This slightly more oxidizing reaction likely occurred during the cooling of the intrusion and locally converted ilmenite component to rutile, affecting the interfaces between the ilmenite lamellae and titanohaematite host. This process would result in a decrease in NRM intensity because the magnetic moments at interfaces of the ilmenite and titanohaematite would be destroyed when ilmenite is converted to rutile. A simple balanced equation (here in oxygen proportions ∼volume) of Ilm16 + Oxygen, producing a more ilmenite-poor haematite plus rutile is 98.96 Ilm16 + 1.04 O = 95.83 Ilm10 + 4.17 TiO 2 .
In addition to the above process, the oxidation to the haemoilmenite grains would also result in a decrease in remanent magnetization. In all cases, the NRM is a chemical remanent magnetization (CRM) acquired during cooling of the granite either by primary exsolution, or later, by alteration of the lamellae and hosts by the late-stage oxidizing fluids.
The coincidence of the paleomagnetic pole of the Achala batholith with the 380-360 Myr segment of the Apparent Polar Wander Path for the Paleozoic of Gondwana (Geuna et al. 2008b) favours the interpretation that the ilmeno-haematite and haemoilmenite formed early during the crystallization process and during cooling were subjected to a deuteric alteration under slightly more oxidizing conditions than the original magma.
Petrology of Achala batholith
Previously the Achala Batholith has been ascribed to an S-type origin (i.e. magma derived from melting of metasedimentary rocks), based on peraluminosity and other mineralogical and chemical criteria (Lira & Kirschbaum 1990; Martino & Kirschbaum 1993; Lira et al. 1996; Dorais et al. 1997) . Patiño Douce (1999) has established experimentally that only peraluminous leucogranites can be the result of pure crustal melts. Any other group of peraluminous granites requires the influx of substantial basaltic material. Therefore, even for traditionally considered S-type granites, a mantle contribution has to be expected. As for the Achala batholith, the mantle contribution is reflected in the presence of tonalite nodules (Lira & Kirschbaum 1990 ) and also in the 87 Sr/ 86 Sr ratios, which are locally too low (Rapela et al. 1990) .
However, Achala batholith has a higher oxidation ratio compared with the classic S-type granites of the Lachlan Fold Belt (Fig. 2) . The Achala oxidation ratio is not only higher than the expected for ilmenite-series granitoids, but also is higher than I-type, magnetite-series granitoids of the neighbouring and nearly coeval Renca batholith (Fig. 2) .
Although the dominant Fe-Ti oxide is ilmenite, it does not occur pure as is typical in ilmenite-series granitoids but as an oxidized ilmenite-haematite solid solution. Haematite exsolution lamellae in -15 (hem85-79) . Areas analysed contained more haematite than ilmenite, reflected in the density of analyses. MnTiO 3 content of ilmenite is similar to sample 2-3b, typically 8.5-11.8. Scattered analyses in centre of diagram are due to mineral overlaps. (f) The very abundant haematite analyses converge on a very low MnTiO 3 content for the most haematite-rich compositions, where Ilm content is 20 to as low as 15.
ilmenite have been described only in oxidized I-type granites, usually accompanying magnetite (Whalen & Chappel 1988) ; however, magnetite is virtually absent in Achala samples.
The oxidized character of ilmenite correlates with the character of the whole-rock, as evidenced in the high oxidation ratio (Fig. 2) .
Because felsic magmatic provinces in which intrusions are characterized by oxidation states that broadly span the boundary between magnetite-and ilmenite-series are gold prospective (Thompson et al. 1999; Blevin 2005) , it is important to establish the origin and implications of the Achala oxidation state. In the studied Figure 13 . log f O 2 -T diagram showing inferred cooling trends for Fe-Ti oxides, after . Conditions for ilmenite-haematite exsolution can be reached from either relatively oxidized or relatively reduced initial conditions [dots labelled (1) and (2), respectively]. Oxidizing cooling path from condition (1) requires ilmenite-dominated cooling (magnetite absent); oxidation from (2) requires silicate-oxide reequilibration in presence of an H 2 O-rich fluid.
examples from the Achala batholith, it appears that titanohaematite was crystallizing directly from the magma.
The T-f O 2 path, followed during cooling of an oxide assemblage, depends upon many factors, including original oxygen fugacity of the assemblage, the relative abundance of titanomagnetite and ilmenite and composition of the fluid . A rock that crystallized at relatively oxidized conditions, but containing ilmenite as the major oxide, will follow a relatively oxidizing cooling trend ; Path 1 in Fig. 13 ). On cooling the f O 2 may reach that of the ilmenite-haematite solvus, causing haematite to exsolve from the ilmenite. In this scenario, the departure of the classic magnetiteilmenite oxide assemblage would be due to the original absence of magnetite because of the stabilization of ilmenite at high f O 2 instead of magnetite, due to high Mn contents (Czamanske et al. 1977) . High Mn contents in ilmenite have also been reported for Inti Huasi granite, south of Achala (Otamendi et al. 2002) , and for the crystalline basement intruded by these Devonian granitoids (Zaccarini et al. 2004) .
The Achala batholith departs from this trend in that both titanohaematite and a ferrian ilmenite were crystallizing together, from a melt that was already oxidized, and with cooling, the titanohaematite exsolved ilmenite lamellae and the ferrian ilmenite exsolved haematite lamellae.
For granites, another possible cooling path is one that is controlled by oxide-silicate reaction, rather than being controlled by interoxide equilibration ; Path 2 in Fig. 13 ). In granitoids with an H 2 O-rich fluid, the major re-equilibration is likely to be reaction between the oxides, K-feldspar and biotite. This reaction has a relatively oxidizing trend with cooling and can cause rocks of a wide range of primary conditions to be oxidized to the haematiteilmenite solvus.
The primary assemblage, with both titanohaematite and ferrian ilmenite, demonstrate the oxidizing nature of the original magma. Locally, a later and slightly more oxidizing fluid produced rutile and haematite from the haemo-ilmenite and rutile from the titanohaematite. This process had important consequences for the rock magnetism of the Achala batholith. The final oxide assemblage is more oxidized than for a magnetite-ilmenite assemblage.
It is not uncommon to find haematite as part of the opaque mineral assemblage of granites. However, it is usually found accompanying magnetite as part of an oxidized assemblage (e.g. Ashwal & Hargraves 1977; Ellwood et al. 1980; Czamanske et al. 1981; Hagstrum & Johnson 1986; Dillet & Czamanske 1987; Whalen & Chappell 1988 ). The magnetite found in granites is usually coarsegrained and is capable of carrying a magnetic remanence of relatively high intensity, though relatively unstable. The peculiarity in Achala is to find the exsolved haematite-ilmenite alone. The absence of large discrete grains of magnetite makes these rocks very interesting from the paleomagnetic point of view because haematite is capable of carrying a very stable CRM acquired during early stages of cooling (Geuna et al. 2008b) , and this is free of the undesirable masking effects of re-equilibrated, coarse-grained, pure magnetite.
Heavily exsolved ilmeno-haematite and haemo-ilmenite have been reported, associated with high remanence intensity, which was attributed to a particular mode of magnetization-lamellar magnetism (McEnroe et al. 2001a (McEnroe et al. ,b, 2002 Robinson et al. 2002 Robinson et al. , 2004 . However, the magnetization of Achala batholith is unexpectedly low compared with those other samples showing lamellar magnetism. The secondary rutile-haematite-ilmenite intergrowths in the titanohaematite, and the alteration to the haemo-ilmenite grains may explain the reduced magnetization. In addition, there may be less of the very fine exsolution lamellae in the Achala rocks as compared to the previous studies cite above, possibly caused by a different cooling history or by lamellar coarsening during the hydrothermal event. Another possibility is that there is more alteration at a finer scale, in the ilmeno-haematite, than observed at the scale of the microprobe.
The ancient magnetic remanence, carried by primary ilmenohaematite and haemo-ilmenite, is a good indication that magma was oxidized. The Achala cooling path has to have been different from that followed by Renca batholith, as Renca crystallized in f O 2 -T conditions, entirely within the magnetite stability field.
C O N C L U S I O N S
(1) Based on susceptibility values, Achala rocks can be classified as paramagnetic and part of the ilmenite-series following Ishihara (1981) . The very low values of MS (MS < 1 × 10 −3 SI) indicate that magnetite, if present, is very rare (<0.02 volumeper cent).
(2) The mineral carrying magnetic remanence is titanohaematite in ilmeno-haematite or haemo-ilmenite intergrowths, with discrete unblocking temperatures of 610-640
• C. The ilmenite component in haematite based on magnetic measurements is 6-10 per cent; EMP data gives compositions of 15-20 per cent ilmenite, suggesting that EMP data reflects areas in the titanohaematite host grains with submicroscopic Ti-rich lamellae.
(3) Achala samples contain titanohaematite, and ferri-ilmenite both as primary igneous phases, implying crystallization below 675
• C, with exsolution continuing to low temperatures (<400 • C). The main exsolution features were produced during cooling from high-temperature magmatic conditions. Oxidizing conditions continued into the subsolidus, causing late-stage reactions of ilmenite host grains to ilmenite + rutile+ haematite and titanohaematite to ilmenite-poorer haematite + rutile. These reactions resulted in low susceptibility values and a strong reduction of NRM intensities.
(4) Pyrophanite component in ilmenite is very significant, ranging from 7 to 16 mole percent. Late enrichment in MnTiO 3 component is a likely effect in late stages of fractional crystallization of granitic magma, though the relatively high Fe 2 O 3 component implies either unusual compositions in the sources, or unusual environmental conditions.
(5) The classic ilmenite-series granitoids are relatively reduced and weakly magnetic, and f O 2 is too low to crystallize magnetite. However, the weak MS of the Achala batholith is not due to reducing conditions but to strong oxidation, which prevented magnetite crystallization.
(6) The magnetic remanence was acquired during cooling, relatively soon after crystallization because the paleomagnetic pole obtained from the Achala batholith is coincident with Devonian Gondwana poles and in agreement with the zircon age of 368 Myr.
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